The goal of this study was to define the mechanism of preserved ejection fraction (EF) despite depressed myocardial strains in hypertension (HTN). 
H ypertension (HTN) is the leading risk factor for the development of heart failure (1) . In response to the increased afterload of arterial HTN, the left ventricle (LV) undergoes concentric LV remodeling, which normalizes LV wall stress and maintains LV ejection fraction (EF) in a normal or even supernormal range (2) . Previous studies have shown that LV midwall shortening by echo and LV strains by magnetic resonance tagging are impaired in patients with hypertensive LV remodeling, suggesting cardiomyocyte dysfunction despite normal LVEF (3) (4) (5) . In usual circumstances, LV deformation as assessed by measurement of myocardial strains is See page 282 directly correlated with LVEF. However, in HTN with preserved EF, there appears to be discordance between measurement of regional myocardial strains and global EF. The reason for such discordance is unclear. LV systolic torsion is an important mechanism of wall thickening and a primary component of normal systolic function (6 -10) . Some have also proposed an important role of transverse shear in the observed wall thickening (11) . Torsion represents the myocardial rotation gradient from the base to apex of the LV. It acts to normalize LV wall stress by minimizing transmural gradients of fiber strain and thereby increase energy efficiency by reducing oxygen demand (7, 12, 13) . Cardiac magnetic resonance (CMR) tissue tagging techniques allow accurate noninvasive assessment of 3-dimensional (3D) LV remodeling, myocardial strains, and torsion (14 -17) . The aims of the current study were 2-fold: 1) to comprehensively define regional and global cardiac mechanics and remodeling parameters using 3D CMR with myocardial tagging in a well-characterized HTN patient population; and 2) to define the mechanism of preserved EF despite altered myocardial strains in such a patient population.
M E T H O D S
Study patients. This study prospectively evaluated consecutive patients referred for specialist evaluation of resistant HTN. Control group comprised volunteers who were healthy with no history of cardiovascular disease and not using any prescription medication. Resistant HTN was defined as uncontrolled HTN (Ͼ140/90 mm Hg) determined at 2 or more clinic visits despite the use of 3 or more antihypertensive medications at optimal doses. Patients with coronary artery disease or diabetes were also excluded from the study. Subjects with a history of congestive heart failure, chronic kidney disease (creatinine clearance Ͻ60 ml/min), or chronic steroid therapy were excluded from study participation. Secondary causes of hypertension other than hyperaldosteronism, such as renovascular HTN, pheochromocytoma, or Cushing's syndrome, were excluded as clinically indicated. The HTN group consisted of 67 subjects and the control group 45 subjects. The study protocol was approved by our institutional review board, and informed consent was obtained from all participants. Magnetic resonance imaging. Magnetic resonance imaging was performed on a 1.5-T magnetic resonance scanner (GE Signa, Milwaukee, Wisconsin) optimized for cardiac application. Electrocardiographically (ECG)-gated breath-hold steady-state free-precision technique was used to obtain standard 2-, 3-, and 4-chamber and short-axis views with following general parameters: prospective ECG gating, slice thickness ϭ 8 mm, zero interslice gap, field of view ϭ 40 ϫ 40 cm, scan matrix ϭ 256 ϫ 128, flip angle ϭ 45°, repetition/echo times ϭ 3.8/1.6 ms. Twenty cardiac phases were reconstructed with 8 to 10 views per segment. Short-axis stack was positioned from an end-diastolic 4-chamber image, centered parallel to the mitral annulus and perpendicular to the septum, starting 1 cm proximal to the mitral valve to 1 cm beyond the apex.
Tagged CMR was done on exact slice prescriptions as in the previous text by applying grid tagging to the short-axis views and stripe tagging to long-axis views using spatial modulation of magnetization encoding gradients method (FGR-SPAMM) as previously described (18) with the following general parameters: prospective ECG gating, slice thickness ϭ 8 mm, zero interslice gap, field of view ϭ 40 ϫ 40 cm, scan matrix ϭ 256 ϫ 128, flip angle ϭ 10°, repetition/echo times ϭ 8.0/4.2 ms, views per segment ϭ 8 to 10, tag spacing ϭ 7 mm, number of reconstructed cardiac phases ϭ 20 ( Fig. 1) . Geometric analysis. The 3D LV geometric parameters were measured from endocardial and epicardial contours manually traced on cine images acquired near end-diastole and end-systole. The contours were traced to exclude the papillary muscles. The contour data were then transformed to a coordinate system aligned along the long axis of the LV and converted to a prolate spheroidal coordinate system (19) . The prolate spheroidal coordinate system has 1 radial coordinate () and 2 angular coordinates (,), and was used because surfaces of constant are ellipsoids, which more closely approximate the shape of the LV wall than cylinders or spheres. Cubic B-spline surfaces with 12 control points in the circumferential () direction and 10 control points in the longitudinal direction () were fit to the coordinates of the endocardial and epicardial contours for each time frame. The fit used the smoothing term described (19) with ␣ ϭ 0, ␤ ϭ 0, ␥ ϭ 0.1.
The 3D surface curvatures were computed using standard formulas (20) at the standard wall segments (excluding the apex) (21) . Myocardial mass was calculated by multiplying end-diastolic myocardial muscle volume by 1.05 g/cm 3 . The 3D wall thickness was computed at the same segments by measuring the distance from a point on the epicardial surface to the closest point on the epicardial surface along a line perpendicular to the epicardial surface. The radius of curvature to wall thickness ratio (R/T), was computed by computing the reciprocal of the product of the endocardial circumferential curvature () and wall thickness (h). Endsystolic wall stress was computed according to the formula (2):
where P is the end-systolic LV blood pressure measured by a cuff measurement at the time of the CMR scan. The apex curvatures and apex curvature index (22) were computed from endocardial contours drawn on 2-and 4-chamber view images at end-diastole and end-systole. The apex curvatures index was defined as the average of LV apex radius of curvature calculated from 2-and 4-chamber views divided by the LV inner radius. The sphericity index was defined as the ratio of LV long-axis length to LV inner diameter. The LV long-axis length was computed from LV endocardial contours drawn on a 4-chamber view. Strain analysis. The 3D LV strain was measured from tagged images at end-systole, which was defined by visual inspection of the image data as the time frame with maximum contraction. Tag lines were tracked with the algorithm described in Denney et al. (23) and edited, if necessary, by an expert user. The 3D deformation and Lagrangian strain Values are % or mean Ϯ SD. Significant p value Ͻ0.05. ACE-I ϭ angiotensin-converting enzyme inhibitor; ARB ϭ angiotensin receptor blocker; BMI ϭ body mass index; BSA ϭ body surface area; BUN ϭ blood urea nitrogen; CCB ϭ calcium channel blocker; DBP ϭ diastolic blood pressure; HR ϭ heart rate; HTN ϭ hypertension; NS ϭ not significant; SBP ϭ systolic blood pressure.
Figure 1. Short-Axis Images of the LV Comparing the Cine SSFP Technique With the FGR-SPAMM Method
Representative example of a short-axis image of the left ventricle (LV) (left) using cine steady-state free-precession (SSFP) technique and the corresponding tagged image (right) obtained using spatial modulation of magnetization encoding gradients (FGR-SPAMM) method.
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was computed by fitting a B-spline deformation model in prolate spheroidal coordinates to the tag line data (24) . Normal strains were computed in the radial, circumferential, and longitudinal directions. Principal strains and associated principal directions were also computed. The first principal strain (E1) was approximately aligned in the radial direction and is the maximum thickening strain. The second and third principal strains (E2 and E3) were approximately aligned with the longitudinal and circumferential directions respectively. The third principal strain (E3) is the maximum contraction strain.
The 3D LVES torsion angle was defined as the LVES rotation angle, , of the apex relative to the base. The 3D LVES twist, T, was computed from the rotation angle by the following formula (25, 26) :
where is the epicardial radius and L is the distance between the basal and apical slices. All strains were computed at the midwall of all segments in the American Heart Association 17-segment model (21) except the apex (segment 17). For purposes of data analysis, the LV was divided into 3 levels: base, mid, and distal. The strain parameters at each individual level were obtained by averaging the ventricular segments encompassing the whole ventricular wall at that level (6 segments at the base and mid levels, 4 segments at the distal level). Statistical analysis. Continuous variables are reported in terms of means and standard deviations of means. Comparison was performed using unpaired t test. Normality of distribution was tested using Kolmogorov-Smirnov test. For variables that were not normally distributed, Mann-Whitney test was also performed. Since the results were similar, these data are not reported except for variables where the tests showed some difference, and then MannWhitney values are reported. The Fisher exact test was used for categorical variables. For all measurements, the level of significance was defined as p value Ͻ0.05. To minimize the inflation of the probability of a type 1 error due to multiple testing, Bonferroni adjustment was done whereby we divided the level of significance by the number of tests. We also created multivariate model for torsional and strain parameters to adjust for age and body mass index (BMI) using linear regression models.
R E S U L T S
Patient demographics. Baseline patient characteristics for control subjects and HTN, including details of antihypertensive therapy, are outlined in Table 1 . As expected, systolic and diastolic blood pressures were significantly higher in the HTN group despite taking an average of 4.15 antihypertensive medications. There were no significant differences in gender or race between the 2 groups. However, the HTN group was more obese, as reflected by body weight and BMI measurements.
MRI-derived indexes of LV geometry and torsion.
Global parameters for assessment of LV geometry for control subjects and the HTN group are outlined in Table 2 . The HTN group had significantly higher EF as compared with controls. There were no significant differences in LV end-diastolic volume and end-systolic volume between controls versus HTN. At end-diastole, LV in the HTN group compared with controls demonstrated a lower sphericity index and higher apical curvature index. Torsional measurements indicated that both peak torsion and twist measured at end-systole were significantly higher in the HTN group as compared with controls. Torsion and twist remained significantly higher despite adjusting for age alone (␤ coefficient: 3.19, p ϭ 0.002, and ␤ coefficient: 1.39, Table 1 .
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p Ͻ 0.001, respectively) or age and BMI together (␤ coefficient: 3.60, p Ͻ 0.001, and ␤ coefficient: 1.62, p Ͻ 0.001, respectively). Furthermore, the effect on overall LV torsion and twist was predominantly due to distal LV segment rotation that was higher in HTN compared with controls. On subgroup analysis based on the gender (Tables 3 and 4 ), the differences in torsion and twist persisted in the HTN group compared with controls.
MRI-derived indexes of regional LV remodeling and
wall stress. Regional changes in LV shape and wall stress are described in Table 5 . There were no differences in the end-diastolic circumferential and longitudinal curvatures at various LV levels. LV wall thickness and thickening were higher in the HTN group as compared with controls at all levels and during both systole and diastole. Similarly, the LV demonstrated concentric remodeling in the HTN group as compared with controls during both systole and diastole as measured by R/T ratio. LV wall thickening was increased in the HTN group compared with controls. Furthermore, there was reduction in LV wall stress in the HTN group as compared with controls at end-systole. These changes, therefore, indicate that the HTN group had compensated LV remodeling with higher EF as compared with controls.
MRI-derived regional LV strain magnitude and directionality. We calculated E3 (which is the principal strain in the direction of maximal shortening) and also longitudinal (Ell) and circumferential (Ecc) strains (these strain measurements are oriented with respect to the long axis of the LV) at all 3 levels (Table 6 ). We found significant reduction in Ecc at mid and distal LV segments in HTN. Ell was also reduced at the basal and mid LV segment in the HTN group compared with controls. Results remained similar for Ecc when adjusted for age (␤ coefficient: Ϫ1.82, p ϭ 0.003) or age and BMI together (␤ coefficient: Ϫ1.63, p ϭ 0.02). Results for Ell also remained similar when adjusted for age (␤ coefficient: Ϫ2.07, p ϭ 0.003). However, the results were not statistically significant for Ell when adjusted for both age and BMI together (␤ coefficient: Ϫ1.43, p ϭ 0.06). E3, that is, the maximal shortening, was almost identical between the 2 groups at all 3 levels, indicating that there may be changes in the directionality of strain tensors. Indeed, when we measured the directionality of the principal strain tensors, we found they were significantly less circumferential in the HTN group relative to the normal group as described in Table 7 and Figure 2 .
D I S C U S S I O N
In the current study, we have described a mechanistic rationale for supranormal EF in a wellcharacterized HTN patient population. To this objective, we have described global and regional LV mechanics and remodeling in HTN with Table 2 .
normal EF. We demonstrate that there is increased torsional deformation in the HTN group as compared with controls that is predominantly due to increased rotation of the distal/apical segments of the LV. We have also confirmed that Ell and Ecc strains are depressed at regional LV levels in the HTN group. However, we found that the principal strain representative of maximal shortening (E3) at the same corresponding levels is similar in the 2 groups. This apparent paradox may be accounted for by the change in the directions of principal components of strain tensors in the HTN group compared with controls. We also found that there is differential LV remodeling in the HTN group compared with controls that manifest, not only as an increase in LV mass and wall thickness, but also as a higher LV apical curvature index at end-diastole. Furthermore, there is reduced end-systolic LV wall stress in the HTN group. Taken together, these resulted in greater LV wall thickening and supranormal EF in HTN despite lower longitudinal and circumferential strains.
Studies in individual myofibers have shown that a 15% fiber shortening leads to only an 8% increase in myocyte diameter (i.e., individual cell thickening), which cannot by itself account for the observed Ͼ40% LV radial wall thickening and a Ͼ60% LVEF (27, 28) . The increased wall thickness seen in HTN with concentric remodeling has been shown to be associated with preserved EF and reduced circumferential shortening (29) . Recent research using theoretical models (30, 31) and validated in humans (31) has suggested that the geometric effects of increased radius to wall thickness ratio in concentric remodeling offset reductions in circumferential shortening, allowing EF to be preserved. In our HTN group, we found increased LV wall thickening at all LV levels. This increased thickening in HTN occurred despite a decrease in longitudinal and circumferential strains at various segments. Interestingly, we did not find any differences in the measurements of maximal shortening (E3) across various segments of the LV. This made us evaluate the directional vector of the strain tensors. We found that there were differences in the directional vector that may account for similar E3 in the 2 groups despite differences in Ell and Ecc. In contrast to our findings, recently investigators used 2D echocardiographic speckle tracking techniques to evaluate Ecc, Ell, and radial strains (Err) at the papillary muscle level in patients with mild HTN. They demonstrated no difference in the measurements between normal and HTN (32) . However, other Table 1 .
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investigators using similar techniques such as ours have demonstrated depressed circumferential strains in HTN patients as compared with the control population (33) . We noted that LV torsion was increased in HTN that predominantly was due to increased rotation at the distal segment. Our current observations are consistent with the theoretical assumption that predicts a greater torsion in the presence of increased concentricity (decreased R/T ratio) due to increased mechanical torque advantage of subepicardial fibers over subendocardial fibers (6, 7, 9, 34) . In support of this hypothesis, previous studies in patients with aortic valve stenosis and preserved LVEF reported an increase in LV torsion (35) . Similarly, in a small cohort of older individuals with higher blood pressure compared with controls, the investigators found greater systolic torsion using a 3D-tagged CMR analytical technique (36) . In patients with hypertrophic cardiomyopathy, torsion was increased in the presence of significantly decreased myocardial strains, which was attributed to the myofibrillar disarray of this condition (17) . Study limitations. The major limitations of our study are that there were differences in the mean age and BMI of the 2 groups. We adjusted for these variables and still found significantly higher torsion and twist in the HTN group. In a large population cohort, 1 group of researchers has demonstrated an age dependence of Ecc (37); in contrast, other investigators have found no significant effect of aging on myocardial strains (38, 39) . All participants in the HTN group by definition were on multiple antihypertensive medications, including beta-blockers and calcium channel blockers. These medications can affect the ventricular strains. However, the effects of drugs would not explain the discordance in maximal shortening strains (E3) compared with Ell and Ecc in the 2 groups. The lateral wall of the left ventricle (LV) in normal control is shown on the left and in hypertension (HTN) on the right. Two boxes are shown at each point. One box has faces perpendicular to the radial, circumferential, and longitudinal directions. The other box is deformed by the principal strain tensor at that point. Please note the differences in the angles between NRM and HTN amongst the strain vectors, which are summarized in Table 7 . Tables 1 and 6 . 
